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Stephen Pacella, Benoit Lebreton, Pierre Richard, Donald Phillips, Theodore Dewitt, et al.. Incorporation of diet information derived from Bayesian stable isotope mixing models into mass-balanced marine ecosystem models: A case study from the Marennes-Oléron Estuary, France. Ecological Modelling, Elsevier, 2013 , 267, pp.127 -137. 10.1016 /j.ecolmodel.2013 flow networks of food webs in marine ecosystems is becoming more recognized for its utility in understanding ecosystem functioning. However, diets and consumption rates of organisms are often difficult or impossible to accurately and reliably measure in the field, resulting in a large amount of uncertainty in the magnitude of consumption flows and resource partitioning in ecosystems. In order to address this issue, this study utilized stable isotope data to help aid in estimating these unknown flows. δ 13 C and δ 15 N isotope data of consumers and producers in the Marennes-Oléron seagrass system was used in Bayesian mixing models. The output of these mixing models was then translated as inequality constraints (minimum and maximum of relative diet contributions) into an inverse analysis model of the seagrass ecosystem. We hypothesized that incorporating the diet information gained from the stable isotope mixing models would result in a more constrained food web model. In order to test this, two inverse food web models were built to track the flow of carbon through the seagrass food web on an annual basis, with units of mg C m -2 d -1 . The first model (Traditional LIM) included all available data, with the exception of the diet constraints formed from the stable isotope mixing models. The second model (Isotope LIM) was identical to the Traditional LIM, but included the SIAR diet constraints. Both models were identical in structure, and intended to model the same
INTRODUCTION
Current ecological questions are often complex in nature, requiring a holistic perspective in order to adequately address the multitude of variables and relationships.
There is thus an ever-increasing pressure on ecologists to address these questions at the ecosystem scale. Quantitative food web models, representing partial or whole ecosystem flux networks, are a promising methodology to address ecological questions (Christian et al., 2009; Leslie and McLeod, 2007) . These models are able to simultaneously explore effects of environmental changes on ecosystem structure and function, as well as emergent properties such as system dependencies, recycling, and efficiencies (Niquil et al., 2012) . Banašek-Richter et al. (2004) showed that ecosystem descriptors based on quantified systems models are more accurate than their qualitative counterparts.
Estimation of complete flux networks of food webs in marine ecosystems is recognized for its utility to understand ecosystem functioning (Niquil et al., 2012) . However, many components of ecosystem models are understood conceptually, but difficult or impossible to measure in the field, and therefore must be estimated (Niquil et al., 1998; van Oevelen et al., 2010; Vezina and Platt, 1988) .
Inverse analysis is a powerful quantitative modeling method for estimating unmeasured components in ecosystem structures (Legendre and Niquil, 2012) and has been widely used for this reason in food web modeling (Breed et al., 2004; Daniels et al., 2006; Degré et al., 2006; Donali et al., 1999; Eldridge et al., 2005; Eldridge and Jackson, 1993; Grami et al., 2008; Jackson and Eldridge, 1992; Kones et al., 2009; Leguerrier et al., 2007; Niquil et al., 1998; (Kones et al., 2009; Van den Meersche et al., 2009; van Oevelen et al., 2010) . This technique avoids underestimates in both the size and complexity of the modeled food web as a result of the parsimony principle (Johnson et al., 2009; Kones et al., 2006) . A more thorough review on the subject is covered by Niquil et al. (2012) . Stable isotopes are commonly used to study trophodynamics in ecosystems.
Stable isotope analyses allow determination of food sources actually assimilated in the tissues of consumers over time, properly reflecting their trophodynamics depending on food source availability (Fry, 2006) . Consumption rates are often difficult or impossible to accurately measure in the field, especially for smaller organisms, resulting in a large uncertainty in the magnitude of consumption flows and trophic resource partitioning in ecosystem models. Stable isotope data can be utilized to estimate these unmeasured flows (Navarro et al., 2011; van Oevelen et al., 2010) . While the use of stable isotopes in diet studies has become standard practice (Moore and Semmens, 2008; Post, 2002) , the integration of stable isotope data with whole food web network models has not been utilized frequently (Baeta et al., 2011; Navarro et al., 2011) . The merits of this technique have been discussed recently in the literature (Navarro et al., 2011; van Oevelen et al., 2010) .
Until now, only one stable isotopic marker (δ 13 C or δ 15 N) at a time has been incorporated into inverse analysis models (Eldridge et al., 2005; Jackson and Eldridge, 1992; Oevelen et al., 2010; van Oevelen et al., 2006) . Using two or more isotopic markers significantly increases model structure complexity and greatly increases model run time. This problem is compounded in situations where Monte Carlo methods are used to run the inverse analysis thousands of times (Kones et al., 2009; Niquil et al., 2012; van Oevelen et al., 2010) . This has significant implications when attempting to add stable isotope information into food web models solved using the new Linear Inverse
Model-Markov Chain Monte Carlo techniques (Kones et al., 2009; Niquil et al., 2012) .
Therefore, the goal of this study was to find a way to incorporate information from multiple stable isotope elements (i.e., 13 C, 15 N, etc.) into food web models using the LIM-MCMC technique, with minimum added complexity. In order to do this, we used the R package SIAR (Parnell et al., 2010) 
METHODS

Marennes-Oléron Bay study site and model data
The seagrass system studied was an intertial Zostera noltii meadow located in Marennes-Oléron Bay, on the Atlantic coast of France (45°54'N, 1°12'W) (Figure 1 ). This is a semi-enclosed, macrotidal bay, which receives freshwater inputs from the Charente River (15-500 m 3 s -1 ) (Ravail-Legrand et al., 1988) . The seagrass bed studied extends for 15km along the eastern shore of Oléron Island, and is 1.5km at its widest.
Primary producer biomass, benthic consumer biomass, and stable isotope data used in this model were obtained from (Lebreton et al., 2012; sampling. Both sampling sites were exposed at every low tide, with the higher in elevation of the two sites being exposed for 5 hours longer on average (Lebreton et al., 2009 ). Average emersion times on the seagrass bed were computed for this study using bathymetric data and tidal measurements, and those processes (i.e., phytoplankton production, bird grazing, zooplankton grazing, etc.) affected by the tidal cycle were scaled accordingly in the food web model.
Linear Inverse Model (LIM-MCMC) formulation
Two inverse food web models were built to track the flow of carbon through the First, an a priori topological model was formulated of the food web based on local expert knowledge and previous studies (Leguerrier et al., 2003; 2004) , defining the 8 compartments and all probable connections between them. All macrofaunal species sampled in the system were included which had a biomass of at least 0.05 g ash-free dry weight m -2 . This biomass threshold value resulted in 96.5% of the total measured biomass during sampling being included in the inverse food web model. The benthic and pelagic fauna of the system were parsed into compartments based on similarity of species-specific characteristics such as taxonomy, habitat, known feeding habits, known predators, and stable isotope (δ 13 C and δ 15 N) values. Priority was placed on aggregating species into the compartments in such a way so as to balance between maintaining the true trophic complexity of the ecosystem versus the need to keep the model simple enough that solutions could be produced in a timely manner. As the complexity of the model scales exponentially with the number of compartments, some aggregation was necessary. However, loss in precision of stable isotope data due to aggregation of species with dissimilar signatures was considered to be undesirable for the mixing models, and was therefore avoided. Previous studies found that a priori model aggregation at low trophic levels has a greater effect on inverse model results than does aggregation of higher trophic levels (Johnson et al., 2009) . In light of these results, primary producers, bacteria, and non-living carbon pools (e.g., dissolved organic carbon) were each given their own compartment. The resulting a priori food web model consisted of 26 compartments (23 living, 3 detrital) ( Table 1 ) and 175 flows among compartments ( Table   2 ).
The Traditional LIM and Isotope LIM were run using a Matlab routine that was a translation of the R packages limSolve and xsample (Kones et al., 2009; Van den Meersche et al., 2009; van Oevelen et al., 2010) . 
Stable isotope mixing models
The analytical precision of the stable isotope measurements was <0.15‰ and <0.2‰ for δ13C and δ15N values, respectively (Lebreton et al., 2012) . Trophic enrichment factors used were 0.5‰ +/-0.5 for δ13C and 2.5‰ +/-1.0 for δ15N (Vander Zanden and Rasmussen, 2001 ) (Vander Zanden and Rasmussen, 2001 ).
The SIAR isotopic mixing model (Parnell et al., 2010) was used to characterize the proportions of food sources used by the consumers in the seagrass bed. SIAR is an open-source R package that uses Bayesian inference to address natural variation and uncertainty of stable isotope data in order to generate probability distributions of food source contributions as percentages of the total diet. SIAR allows for multiple dietary sources, incorporates variability in source, consumer and trophic enrichment factors. As a result, output probability estimates reflect uncertainties in the data better than previous mixing models (Parnell et al., 2010; Phillips and Gregg, 2003; 2001; Phillips et al., 2005) .
A critical assumption of isotope mixing models is that all food sources are included in the analysis. Excluding a food source will bias the apparent proportions of the other sources that were included in the analysis, and may yield a diet with apparent food source proportions inconsistent with the observed isotopic composition of the consumer (Parnell et al., 2012; Phillips, 2012) . In order to meet this assumption, SIAR mixing models were only run for those LIM compartments whose food sources all had both δ 13 C and δ 15 N values. Models were not run for those LIM compartments whose food sources were not all described by both δ 13 C and δ 15 N data. For example, because the fish in the seagrass bed are known to be transitory, it cannot be assumed that all of their food sources are described by isotope data only collected from the within the seagrass bed. SIAR mixing models were therefore not run for this compartment. Of the 20 heterotrophic compartments in the LIM for which mixing models could potentially be used, 12 compartments met the assumptions required for a SIAR model to be run ( Table 2 ). The 5% and 95% credible bounds of the generated probability density functions (PDF), expressed as percent contribution to the mixture for each food source, were recorded and used as input to the inverse model, as explained below. Credible intervals are used in Bayesian statistics to define the domain of a posteriori probability distribution used for interval estimation (e.g., if the 0.90 CI of a contribution value ranges from A to B, it means that there is a 90 % chance that the contribution value lies between A and B) (Lebreton et al., 2012) .
Incorporation of mixing model data into the food web model
The 5% and 95% credible bounds of the PDF for each food source were used as lower and upper bounds, respectively, to constrain the relative contributions of each food source to the 12 consumer compartments modeled using SIAR. In order to be incorporated into the food web model, these lower and upper bounds were transformed into linear inequalities of the form:
where, Ci,j is the flow of carbon from source i to consumer j, ∑C.,j is the sum of all source flows to consumer j, l is the 5% credible bound for % mixture contribution, and h is the 95% credible bound for % mixture contribution. Using this methodology, if consumer j had three potential food sources, six inequalities were entered into the food web model to describe consumer j's diet. Note that while the food web model used carbon as the currency for mass flow, and these isotopic inequalities were written following this form, the values were informed by both δ 13 C and δ 15 N data via the SIAR modeling process.
Investigating effects of isotopic constraints on the food web model
Two versions of the food web model were created to investigate the effects of using isotopic constraints on the estimated mass flows among compartments within the food web. A first model (Traditional LIM) was built using all available data except the isotopic constraints. The second model (Isotope LIM) was identical to the first model, but included the SIAR-derived isotopic constraints. Each model was run for 50,000
solutions using the LIM-MCMC technique, and convergence to the marginal probability density function (mPDF) for individual flows was verified for both models. Nonconvergence manifests itself as a drift in the mPDF with increased iterations (Kones et al., 2009 ).
Network indices were calculated for both food web models following the techniques of ecological network analysis (ENA) (Baird et al., 2009; Christian et al., 2009; Ulanowicz, 2004) . These indices describe ecosystem network properties, interactions, and emergent properties of the system that are not otherwise directly observable (Fath et al., 2007) . Indices computed were total system throughput, average path length, internal ascendency, internal development capacity, ascendency, development capacity, Finn cycling index and the comprehensive cycling index (Baird et al., 2004; Ulanowicz, 2004) .
RESULTS
SIAR mixing models
SIAR mixing models for the 12 consumer compartments whose food sources were fully described with δ 13 C and δ 15 N data resulted in probability distributions of food source proportions for each compartment. The 5% and 95% credible bounds for each 13 potential food source were used as lower and upper bounds of relative contribution to the consumer diet. These resulting 90% credible intervals used in the LIM-MCMC are shown in Table 2 .
Effects of isotopic constraints on the food web model
Sixty-four of the 175 flows in the Isotope LIM were constrained using SIARderived dietary constraints. The mean value for each flow and the corresponding 90%
interquantile range (95% credible interval value -5% credible interval value) are presented in Table 3 . Seventy-nine (45%) and 43 (24%) of the means for the 175 flows were different between the Isotope and the Traditional LIMs by at least 10% and 25%, respectively (Table 3) (Table 4) . Flows constrained in the Isotope LIM using SIAR-derived diet constraints had, on average, a 42% absolute mean difference in comparison with the corresponding Traditional LIM flows, and their 90% interquantile ranges were reduced 45%. Additionally, the remaining 111 flows (those that were not directly constrained with SIAR-derived diet constraints in the Isotope LIM) had, on average, a 12% absolute mean difference, and 90% interquantile ranges were reduced by 15% on average.
All network indices (total system throughput, average path length, internal ascendency, internal development capacity, ascendency, development capacity, Finn cycling index and comprehensive cycling index) calculated from the Traditional and Isotope LIMs had small differences in their means (Table 5) . Changes in the 90%
interquantile ranges with the addition of the SIAR-derived isotope constraints in the Isotope LIM were small when compared with the Traditional LIM (Table 5) .
DISCUSSION
Comparison of single flows and integrative indices between LIMs
Both individual flows and integrative indices as calculated from ENA parameters were changed as a result of the addition of the SIAR-derived dietary constraints in the Isotope LIM. However, the comparison of the ENA indices showed smaller differences in the means, uncertainty (90% interquantile ranges), and marginal probability distributions between the Traditional and Isotope LIMs when compared to those differences between individual flows. This agrees with the findings of Kones et al. (2009) , who found that whole network indices are better constrained and more robust than the food webs from which they are calculated. Differences between the two models were more apparent when looking at the individual flow level as compared to a more aggregate, whole system measure (i.e., ENA indices). This suggests that the integration of the stable isotope data has the largest effect when looking at specific flows within the food web. Linear inverse models are most often utilized to quantify systems with a large number of unknown flows and data deficiencies. The fact that the integrative indices calculated from the Traditional and Isotope LIMs show small differences suggests that the LIM-MCMC technique is a robust method for assessing whole-ecosystem properties, even in the absence of site-specific stable isotope data.
Generally, the largest differences seen between the Traditional and Isotope LIMs were in those flows which were directly constrained by SIAR-derived diet constraints (Table 4) . However, flows not directly constrained with isotope data were still affected, as evidenced by the reduced uncertainty and changes in means. This demonstrates the interconnected nature of the food web, as well as how constraining some flows with isotope data can have widespread effects on reducing uncertainty in LIM-MCMC models.
Integration of stable isotope data in food web models
The goal of this study was to find a way to incorporate information from multiple stable isotope elements (i.e., 13 is significantly more informative when estimating diet contributions when compared to a single marker (δ 13 C or δ 15 N) (Parnell et al., 2012; Phillips, 2012) . Due to this, use of stable isotope mixing models in ecosystem-level food web studies can be advantageous for quantifying consumption flows. These same food web flows are often the most difficult to directly observe and measure as well, making isotopic mixing models a powerful tool for coupling with ecosystem-level food web models. This study used only two isotopic markers (δ 13 C and δ 15 N), as this was the only data available at the time, although the SIAR mixing models allow for incorporation of more than two (Parnell et al., 2010) . However, use of isotopic mixing models utilizing more than three markers becomes problematic, as it is difficult to determine the model fit and visualize the mixing space (this would require > three dimensions) (Parnell et al., 2012) .
Additionally, the use of the stable isotope mixing models helped validate the a priori food web model by verifying that the consumer diet networks were possible, and not missing a potential food source as indicated by the isotope data. While no statistical test exists for missing food sources (Parnell et al., 2012) , visualization of the iso-space for food web compartments is a tool that ecologists can use to identify probable predatorprey relationships. As mentioned, multiple isotopic markers help to better elucidate these relationships. Perhaps most importantly, though, is the fact that the stable isotope data specifically constrain consumption flows, which are often the most difficult to obtain reliable data on. This difficulty in obtaining reliable data leads to many ecosystem network models using diet data not specific to the study site of interest, such as from databases like FishBase (www.fishbase.org) (Coll et al., 2011) . This can be a dangerous practice, as it has been shown that there can be considerable inter-site variability in the diet of members of the same species. We recommend the use of local diet information in the construction of food web models, as can be provided by mixing models utilizing sitespecific stable isotope markers. It is important to note that stable isotope data obtained from the literature or other sites is not useful when building a food web model, as values are site-specific and only comparable within the site and appropriate temporal period from which the stable isotope samples were gathered.
Effects of SIAR-derived food source constraints on the modeled food web
Integration of mixing model constraints into LIM-MCMC models address an obvious weakness of stable isotope mixing models: current commonly used mixing models do not take into account the availability of food sources (Parnell et al., 2010; Phillips and Gregg, 2003; Semmens et al., 2009) 
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